Introduction {#sec1-1}
============

**What was known?**

It is known that recombinant human platelet-derived rowth factor enhanced dermal wound healing by a pathway involving ERK and c-fos in diabetic rats.

Diabetes mellitus (DM) is a highly prevalent disease. An estimated 48.3 million Americans are expected to have diabetes by 2050, a 19.8% increasing compared with 2005.\[[@ref1]\] Worldwide, diabetes is estimated to affect 151 million people, with a projected increasing to 324 million by the year 2025.\[[@ref2]\] with approximately 30% and 70% of patients experiencing some skin involvement during the course of their illness, and these can be the first presenting sign of diabetes.\[[@ref3]\] Diabetic dermopathy (DD) is the most common cutaneous manifestation of DM.\[[@ref4]\] DD refers to atrophic, spontaneous ulcers, sclerosis, diabetic blisters, and diabetic foot, etc., and particularly, atrophy and spontaneous ulcers are the most common cutaneous manifestation of DD. There is no doubt that atrophy and spontaneous ulcers of DD may relate to the inhibited of the epidermal cell proliferation.

The epidermal growth factor receptor (EGFR) is involved in many cellular processes including cell proliferation, motility, adhesion, and angiogenesis via the activation of principally extracellular signal-regulated kinase (ERK) pathway. ELK-1 are important downstream signaling molecules of ERK. The signal transduction pathway phospho-EGFR → ERK1/2 → ELK-1 plays an important role in maintaining the normal epidermis cell proliferation. However, there have been few studies on the correlation between the biophysical characteristics of skin and the P-EGFR → ERK1/2 → ELK-1 signal transduction pathway in patients with diabetes.

The aim of this study was to evaluate pathological and physiological changes in DM dermal tissue and to explore the correlation between EGFR/ERK/ELK-1 mitogen-activated protein kinase (MAPK) pathway and the underlying skin damage in diabetes using a streptozotocin (STZ)-induced rat model of diabetes experiments.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

Eighty specific-pathogen-free male Sprague-Dawley (SD) (F) rats, weighing 260-300 g, supplied by the Laboratory Animal Center of Ningxia Medical University were used in these studies.

Reagents and equipment {#sec2-2}
----------------------

STZ (Sigma Company, St. Louis, MO, USA); anti-phospho-ERK1/2 monoclonal antibody (\#4376, Cell Signaling Technologies Inc., USA); anti-phospho-ELK-1 monoclonal antibody (\#9186, Cell Signaling Technologies Inc., USA); anti-phospho-EGFR monoclonal antibody (\#2236, Cell Signaling Technologies Inc., USA); streptavidin-peroxidase (S-P) immunohistochemistry testing kit (SPN-9001, 9002), (Zymed Company, USA); microscope micrometer (Shanghai 3^rd^ Optical Instrument Company, Qing Pu, Shanghai).

Treatment {#sec2-3}
---------

All rats were housed in a climatically controlled room with free access to water and food under a 12-h light ⁄ 12-h dark cycle. The 80 SD rats were randomized into two groups, Group DM (60 rats) and Group normal control (NC) (20 rats). After a 24-h fast for all animals, rats in the DM group were given a single intraperitoneal injection containing 55 mg/kg STZ in citrate buffer to induce DM. Group NC rats were injected with the same concentration of citric acid buffer. Diabetes was confirmed 72 h after STZ injection from reading specific blood glucose (blood glucose \>16 mmol/l). 0.5-week (DM0.5), 2-week (DM2), 4-week (DM4) and 8-week (DM8) after the STZ treatment killed 15 DM rats and 5 NC rats, respectively, then the full-thickness shaved skin of the back were removed for research. Skin was acquired from the back of each rat and divided into three parts. One part was fixed in 2.5% pentobarbital sodium, one part was fixed in 4% formaldehyde solution, and one portion was frozen at −70°C. All procedures were carried out in accordance with the guidelines for animal experiments, and the protocol was approved by the local Animal Ethics Committee.

Histological observation and skin thickness measurement {#sec2-4}
-------------------------------------------------------

Dorsal skin from rats in each of the groups was isolated and fixed in formalin and embedded in paraffin prior to sectioning. Paraffin sections of 5 μm were deparaffinized in xylene, 3 × 7 min, room temperature, and rehydrated by stepwise washes in decreasing ethanol/H~2~O ratio (100-50%, followed by soaking in water). Sections were cut and stained with hematoxylin and eosin (H and E), and the cutaneous histological characteristics were observed under a light microscope.

The thickness of epidermal and the dermal was measured according to the method described by Hwang, *et al*.,\[[@ref5]\] using a micrometer under a microscope. Each sample was measured five times at intervals of 40 mm. The average value was calculated and reported as the thickness of the epidermal and dermal of the sample.

Immunohistochemical examination of mouse skin {#sec2-5}
---------------------------------------------

For immunohistochemical staining, sections were incubated in Superblock (Pierce Biotechnology Inc., Rockford, IL, USA) blocking reagent for 1 h at room temperature to block non-specific antigen sites. After washing × 3 in PBS, slides were incubated overnight at 4°C with phospho-specific antibodies against EGFR, ERK1/2, and ELK-1 (Cell Signaling Technology Incorporation) at 1:100, Slides were photographed using an Olympus DF plan microscope at × 400 magnification. Images were processed with Image Plus 6.0 software (Media Cybernetics Incorporation, USA). Choose integrated optical density (IOD) as the evaluation parameters and analyzed ten images of each slice. The average value was calculated and reported.

Tissue lysates and western blot analyses {#sec2-6}
----------------------------------------

Mouse epidermis was scraped from isolated dorsal skin on ice and homogenized with a Polytron for three 10 s bursts in RIPA lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 1 mM EDTA, 1% NP-40, 1 mM PMSF, 1 mMNa-orthovanadate) supplemented with 40 μl complete protease inhibitor cocktail tablets (Roche Ltd) according to manufacturer-provided instructions. Extracted protein was quantified using the Bio-Rad Protein Assay kit (Bio-Rad Lab., Hercules, CA). Proteins were separated by SDS acrylamide gel electrophoresis (12%) and transferred to nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany). Blots were blocked with 5% BSA for 1 h at room temperature, followed by incubation overnight with antibodies against phosphorylated forms of EGFR, ERK1/2 and ELK-1 (all from Cell Signaling Technology). The antibodies were used at 1:400. Blots were washed with TBS/0.1% Tween 20 and incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature, followed by three additional washes with TBS/0.1% Tween 20. Chemiluminescence detection was performed according to the manufacturer\'s instructions (Pierce, Rockford, IL, USA), followed by exposure to X-ray film.

Statistical analysis {#sec2-7}
--------------------

All data are expressed as mean ± SEM. Data were analyzed by ANOVA or by Kruskal-Wallis ANOVA for testing data in ranks when data were not normally distributed or the variance differed between groups. Differences between specific groups were analyzed by Tukey\'s test for multiple comparisons or using the Holm-Sidak method. For all analyses, *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

General observation {#sec2-8}
-------------------

In terms of the appearance, the rats' fur in Group DM became dark and dull after 2 weeks of the STZ treatment. After 4 weeks treatments, compared with normal rats, it was observed that the experiment group showed visible weight loss, a quick temper, thinned skin and significantly reduced Activity.

Thickness of the skin {#sec2-9}
---------------------

Through measuring the thickness of epidermal and the dermal of the sample, it was found that the average thickness of normal rat\'s skin epidermal and dermal was 21.4 ± 1.51 μm, and 1444.72 ± 126.11 μm, respectively and there was no obvious difference in DM0.5 groups. However, with the onset time, the thickness of the epidermis and dermis of the back decreased gradually. The epidermis and dermis were significantly thinner in skin sections from the DM4 and DM8 groups compared with sections from NC groups (*P* \< 0.05) \[[Table 1](#T1){ref-type="table"}\].
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Skin morphology observation {#sec2-10}
---------------------------

### The histopathology observation and immunohistochemical examination of normal rats skin {#sec3-1}

NC rats showed intact skin tissue structure, with clear epidermal layers characterized by the typical multilayer epithelium structure and an abundant number of epidermal cells. Cuticle was thin and uniform, and spinous layer cells relatively were of uniform size, basal cells were in the high columnar shape. The dermal papilla was clear. Collagen fibers arranged uniformly. There was no inflammatory cell infiltration in dermal.

To investigate the expression of P-EGFR, P-ERK1/2, and P-ELK-1 in normal rats skin, IHC staining of paraffin sections from rat\'s skin with phosphorylation site-specific antibodies to P-EGFR, P-ERK1/2, and P-ELK-1 was performed. P-EGFR was localized predominantly to the surface of the cell membrane. Some were expressed in the nucleus. The IOD value was 133.09 ± 34.45. P-ERK1/2 and P-ELK-1 were localized predominantly to the nucleus and cytoplasm of the epidermal cells. The IOD value was 287.41 ± 57.16 and 257.99 ± 56.19 \[[Figure 1a](#F1){ref-type="fig"}\].

![The Histopathology observation and immunohistochemical examination of normal (a) and diabetes (b: DM2, c: DM4, d: DM8) rats skin](IJD-58-101-g002){#F1}

### The histopathology observation and immunohistochemical examination of diabetes rats skin {#sec3-2}

After 0.5 weeks of the treatment, it was found that the epidermis and dermis of the DM has not changed in histopathology observation and immunohistochemical examination. After 2 weeks of the treatment, the rat\'s skin tissue in Group DM was not found to have obvious histological changes in the structure of the epidermal cells. Most epidermal cells remained in the 3-4 levels, but some areas reduced. In IHC examination, the expression of phospho-ERK1/2, EGFR, and ELK-1 decreased slightly \[[Figure 1b](#F1){ref-type="fig"}\]. After 4 weeks, rats in Group DM had unclear epidermal layers, and an absence of the multilayer epithelium structure in most of the skin was observed. In IHC and Western blot, the expression of phospho-ERK1/2, EGFR, and ELK-1 was decreased \[[Figure 1c](#F1){ref-type="fig"}\]. After 8 weeks, rats in Group DM had a significant decrease in the number of epidermal cells and significant histological changes. Additionally, portions of the collagen fibers became atrophic, swollen, and degenerated, and it was accompanied by an inflammation. Subcutaneous fat displayed progressive atrophy or was absent. The expression of phospho-EGFR, ERK1/2, and ELK-1 decreased significantly. The IOD values were 86.76 ± 25.8, 139.71 ± 27.82, and 106.99 ± 16.47 to the phospho-EGFR, ERK1/2, and ELK-1, respectively, and they were significantly lower than that of group NC (*P* \< 0.05) \[[Figure 1d](#F1){ref-type="fig"}\].

Western blot {#sec2-11}
------------

To confirm the immunohistochemical examination results, the Western blot was performed using the same phospho-specific antibodies. It was found that with the continuance of the diabetes course, the expressions of phospho-ERK1/2, EGFR, and ELK-1 was decreased gradually in the back skin of the diabetes rats. Especially in 4 and 8 weeks DM groups, these expressions were significantly lower than in the normal groups.(*P* \< 0.05) \[[Figure 2](#F2){ref-type="fig"}\]. Interestingly it was observed that the expressions of P-EGFR and P-ERK1/2 in the back skin of the diabetes rats was positively correlated (*r* = 0.572, *P* \< 0.05), so was the expression of P-ERK1/2 and P-ELK-1 (*r* = 0.715, *P* \< 0.05).

![The expression of phospho-EGFR, phospho-ERK1/2, and phospho-ELK-1 in the normal, DM2, DM4, and DM8 rat\'s back skin by Western blotting: With the continuance of the diabetes course, the expression of P-EGFR, P-ERK1/2, and ELK-1 decreased gradually](IJD-58-101-g003){#F2}

Discussion {#sec1-4}
==========

The steady proliferation rate of normal skin tissue and cells is important for maintaining the normal metabolism and structural integrity. Through proliferation, differentiation and continually upward moving, the basement epidermal cells in epidermal tissues eventually become horny cells finally and slough off the surface of the skin.\[[@ref6][@ref7]\]

The normal process requires healthy skin structures and the physiological functions of the skin, while in the diabetic patients skin, the atrophy and spontaneous ulcers are a common clinical phenomenon.\[[@ref8]\] Before spontaneous ulcers, we believe there is an underlying damage stage.

To prove this underlying damage stage exists, we detected the back skin from diabetic rats and found that the thickness of the epidermis and dermis of diabetic skin was thinner than the control group, and there was an obvious diminution in the number of epidermal cells compared with control tissue. These general and histological observations both suggest that a dysfunction of epidermal cell proliferation may exist in DM skin.

Although now the mechanism for many diabetes-associated skin conditions remains unknown, it is thought that DD is developed from the vascular complications of diabetes.\[[@ref9]\] As the proliferation of epidermal cells is related to the cells themselves, as well as to signals in their microenvironment, changes in the cells and the extracellular microenvironment jointly lead to a different proliferation pattern.\[[@ref10]--[@ref12]\]

Many epidermal abnormalities may be related to alterations in cell signaling, especially to EGFR-mediated cell responses to environmental challenges. EGFR signaling is needed for maintaining the proliferation, differentiation, and survival of epidermal cells.\[[@ref10]\] We know ligands for EGFR include EGF, heparin binding EGF-like growth factor (HB-EGF), and transforming growth factor. Controlling a proper level of EGFR signaling is critical for the physiological state of epidermal tissues, and long-term exposure to hyperglycemia may inevitably affect EGFR signaling pathway, leading to the cell dysfunction, including compromised barrier function and delayed wound healing. It has been reported that a dramatic decrease in hepatic EGFR transcripts was observed during the progression of diabetes,\[[@ref13]\] and type 2 diabetic mice show that the EGFRs are upregulated and the phosphorylation of them are also elevated, which were suspected to play a role in kidney enlargement in diabetes.\[[@ref14]\] However, there are very few reports about the EGFR signaling in diabetic dermopathy. In this study, we found the phosphorylation of EGFR decreased in the diabetic rat\'s skin.

ERK1/2 is a member of MAPK family. They have a central function in the intracellular signal transduction initiated by extracellular stimuli, including growth factors and hormones.\[[@ref15]\] There are sufficient data that support MAPK signaling pathway is closely related to the formation of diabetic complications. It has been implicated in the pathogenesis of diabetic nephropathy,\[[@ref16]\] retinopathy,\[[@ref17]\] angiopathy\[[@ref18]\] and apoptosis and atrophy in skeletal muscle.\[[@ref19]\] It has been reported that insulin-resistant and hyperinsulinemic states cause enhanced activity in the MEK/ERK pathway,\[[@ref20][@ref21]\] and Cheng, *et al*.\[[@ref22]\] reported recombinant human platelet-derived growth factor (PDGF) enhanced dermal wound healing by a pathway involving ERK and c-fos in diabetic rats.

ELK-1 is a member of the ternary complex factor (TCF) subfamily of E twenty-six (ETS)-domain transcription factors.\[[@ref23]\] It is targeted in the nucleus by three major MAP kinase pathways as well as the CaMKII pathway.\[[@ref24]\] Phosphorylation of nuclear ELK-1 enhances its binding affinity to the DNA at serum response elements and stimulate transcription of immediate early genes.\[[@ref25]\] Within this functional context, nuclear ELK-1 has been implicated in processes such as neuronal differentiation,\[[@ref26]\] cellular proliferation,\[[@ref27]\] and tumorigenesis.\[[@ref28]\] Phosphorylation of p42/p44 MAP kinase can activate the transcription activation domain (TAD) of ELK-1.\[[@ref29]\]

In this study, we found that the thickness of the epidermis and dermis of the back in the DM groups started thinning from 2-weeks, and ingravescenced after 2 weeks of the treatment. In 4-week DM and 8-week DM, there were significant differences compared with normoglycemia groups. With the continuance of the diabetes course the expression of phospho-ERK1/2 and ELK-1 kept decreasing in the back skin of the diabetes rats. The expression of phospho-ERK1/2, the downstream signaling pathway of EGFR consists of phospho-EGFR. It was found that the expression of P-EGFR and P-ERK1/2 in the back skin of the diabetes rats was positively correlated, and the positive correlation was also obtained between P-ERK1/2 and P-ELK-1.

Therefore, this study suggests there is a direct correlation between hyperglycemia and phospho-EGFR-ERK1/2-ELK-1 expression in the diabetic rats skin. These results may be because increase of glucose in blood causes increase in the skin glucose.\[[@ref30]\] Under high glucose concentrations, the accumulation of toxic substances, such as advanced glycation endoproducts (AGEs), induces EGFR glycosylation, reduces EGFR phosphorylation, and downregulates ERK1/2 and ELK-1 activities. On the other hand, high glucose and AGEs inhibit the serine/threonine kinases activation of ERK1/2 in diabetic skin, and downregulates ELK-1 activities. Therefore, reduced ERK1/2 signaling pathway activity caused by hyperglycemia may contribute to the abnormalities, such as basal cell degeneration and decreased cell proliferation, which cause underlying damage. More importantly, such abnormalities cause spontaneous ulcers or delayed Epithelial wound healing in diabetic skin.

**What is new?**

This study explored the expression of ERK1/2, its correlated upstream protein EGFR, and its downstream transcription factor ELK-1 in the damage of the diabetic rat skin, and explored the role of ERK1/2 on the recessive damage to diabetic rat skin firstly.
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